Proper lubrication of moving parts is a critical factor in internal combustion engine performance and longevity. Determination of ideal lubricant change intervals is a prerequisite to ensuring maximum engine efficiency and useful life. When oil change intervals are pushed too far, increased engine wear and even engine damage can result. On the other hand, premature oil changes are inconvenient, add to vehicle maintenance cost, and result in wasted natural resources. In order to determine the appropriate oil change interval, we have developed an oil condition sensor that measures the electrical properties of engine oil, and correlates these electrical properties to the physical and chemical properties of oil. This paper provides a brief background discussion of the oil degradation process, followed by a description of the sensor operational principles and the correlation of the sensor output with physical and chemical engine oil properties.
INTRODUCTION
Modern engine oils must perform many functions in internal combustion engines such as friction reduction, wear protection, thermal management, anti-corrosion, sealing, cleaning, anti-foaming properties, etc. Engine oil manufacturers continue to introduce new and enhanced additive packages to meet increasingly demanding engine performance requirements, and to increase engine oil useful lifetime. Recent developments in oil technology have resulted in the appearance of new engine oils on the market, which, when combined with modern improvements in engine design and easy driving cycles, can lead to greatly increased oil change intervals.
Extreme driving cycle conditions, for example, may reduce the useful life of oil below the life predicted for normal driving conditions. This fact indicates a need for a method to monitor engine oil properties during use. Currently, the most common approach is to follow the manufacturers' recommendations regarding oil change intervals, for example, to change the oil every 3000 miles.
Another approach, based solely on software integrated in the Engine Control Module, is to predict the engine oil condition based on monitoring and classifying engine operation parameters [2, 3] .
A more sophisticated version of this approach is described in [4] , which involves enhancing the software solution by adding measurement of the dielectric constant of engine oil as another parameter for estimating oil life.
In this work, we describe the development of an oil condition sensor. The new sensor is sensitive to the properties of oil, enabling it to indicate that an oil change interval has been reached based on the actual oil properties in the engine.
OIL DEGRADATION AND CONDUCTIVITY TREND
Engine oils are formulated by blending base oils and additives to meet a series of performance requirements, with additives comprising from 1% to as high as 25% by volume. Additive packages are sold to oil companies as concentrated solutions containing active ingredient concentrations as low as 10% and ranging up to 100% [12] . Primary additives are detergents, viscosity index improvers, friction and wear modifiers, pour point depressants, antioxidants, corrosion and rust inhibitors, and antifoam agents [12] . Degradation of oil is indicated by depletion of these additives. By analyzing the changes in the physical and chemical properties, termed here as "markers," the extent of the oil degradation process can be determined [3] .
TREND CURVE -The engine oil condition measurement of our sensor is based on monitoring the oil conductivity. The performance of this sensor is not dependent on any particular oil brand, classification, or viscosity grade. A number of dynamometer and vehicle tests have been conducted in which several different oils are periodically analyzed. These analyses provide physical and chemical data used to understand the various stages of oil degradation, and are then correlated with conductivity measurements from the oil condition sensor. Our results show that the change in oil conductivity over the oil life cycle follows a specific pattern at a given temperature, which we call the oil conductivity trend. An example of such a pattern is shown in Figure 1 . This trend can be broadly categorized into four separate stages, which are listed in Table 1 . In addition, the degradation process pertaining to each stage can be related to certain constituents in the additive package in oil and to some of the oil properties.
In Figure 1 , the X-axis denotes the approximate miles driven for a vehicle or hours of operation for a dynamometer engine test.
The Y-axis in Figure 1 represents sensor output in dc volts, where dc volts are proportional to oil conductivity.
Stage 1 denotes the depletion of detergents. For oil conductivity, this translates into a gradual drop (oil type A), or a rapid decrease (oil type B), which is caused by the consumption of electrically active compounds forming a part of the additive package. The amount of active compounds in fresh oil is dependent on the chemical composition of the detergents used.
In Stage 2, the change in oil conductivity is minimal, signifying the completion of detergent depletion, and the onset of depletion of antioxidant.
Stage 3 of the aging cycle begins with an increase in acidity (TAN), along with an increase in viscosity. Because of the conductive nature of acidic compounds, the oil conductivity increases throughout Stage 3.
Published literature indicates that during this cycle of degradation, acidic compounds of acetates, formates, sulfates, and nitrates are formed [2, 3] . Completion of Stage 3 is characterized by the leveling off of the oil conductivity trend.
In Stage 4, the oil conductivity starts to decline, primarily due to the increase in viscosity, which leads to lower ionic mobility. Acidity also continues to increase but tends to be dominated by the increase in viscosity.
From the correlation of oil analyses results with vehicle and dynamometer test data, it is evident that the inflection point in the conductivity trend, where Stage 3 ends and Stage 4 begins, is synonymous with the end of the useful life of oil as characterized by various chemical markers.
Different oils and engine operation patterns can significantly influence the general shape of the oil conductivity trend. Degradation activities in Stages 1 and 2 can be rather short and can be overridden by events taking place in Stage 3. However, the correlation of oil conductivity results with the chemical analysis data showed clearly that the important event in the development of the conductivity trend is the inflection point between Stages 3 and 4. The sensor software needs to be able to identify this inflection point (refer to Figure 1 ) in order to provide the reliable oil condition information to the vehicle operator. 
PHYSICAL AND CHEMICAL MARKERS
In order to determine the performance characteristics of the oil condition sensor, many types of oils were tested in dynamometers and vehicles and then chemically analyzed over the useful life of the oil. Physical and chemical markers -such as the Total Acid Number (TAN), Total Base Number (TBN), oxidation induction time as denoted by the Differential Scanning Calorimetry (DSC) measurement, and change of oil viscosity -were measured [5] . The TAN and TBN are measured by titration. TAN indicates the quantity of acidic components in oil, including acidic by-products formed by combustion and oxidation. TBN measures the amount of alkalinity or base content present in oil. DSC is used to measure the time required for the onset of oxidation. A low DSC indicates that the oil is less thermally stable [2] , which means that antioxidant has been consumed from the oil.
Engine oil additives, which determine the oxidation induction time and TBN, are antioxidants and detergents, respectively. Once the antioxidants and detergents in fresh oil become inactivated during extended use in an engine, the oxidation of the engine oil will start producing acidic decomposition products, which in turn cause an increase in oil conductivity.
There is no single marker that can be looked at to determine when an oil is no longer usable [17, 18] . However, oil analysis laboratories look instead at a combination of markers to determine the oil degradation status. Throughout the industry, the importance assigned to individual markers as well as their limits vary. Many oil analysis laboratories use TAN limits ranging from 4 to 7 mg KOH/g sample, and TBN limits from 1 to 2 mg KOH/g sample, DSC limits from 2 to 5 minutes, and viscosity change limits from 20% to 50%.
PRINCIPLE OF OPERATION
The oil condition sensor measures the conductivity of engine oil [5, 6] . A low frequency alternating potential is applied to the sensing electrodes to eliminate the detrimental polarization effects of oil. This potential induces an electric current, which is used as a measure of oil conductivity [5, 6] . More details about the working principles have been described elsewhere [5, 6] .
The capacitive component is given by:
The flow of current between the two electrodes can then be expressed as, (2) and, (3) where R is a function of parameters such as TAN, TBN, viscosity, temperature, relative permitivity, and so on [5] . Equation (2) represents the charge transfer phenomenon between the sensor plates. The derivative C(dV/dt) is small compared to V(t)/R because the frequency of the imposed AC waveform is low. Accordingly, I capacitive is approximately 1% of I conductive , so I total is nearly equal to I conductive .
We should mention here that the charge transfer at the surface of the electrode (a very thin layer between the oil and the electrode) is governed by a theory of interfacial kinetics. This current flow mechanism is described as 'jumps' rather than charge transfers. At this particular region, the current flow is given by the Tafel's equation, which is written here as, (4) where "η" is the output-equilibrium voltage (oxidation equals reduction), "I" is the current, and "a" and "b" are constants. The application of this equation involves collecting of voltage and current data under steady state. Therefore, the current flow can be calculated with the help of equations (2) and (4) . From the conductive mechanism described above we can conclude that Ohm's law governs the conduction mechanism of the charged particles between the electrodes and the resulting current flow, which is the theoretical basis for the oil conductivity measurement of our oil condition sensor.
SMART SENSOR ALGORITHM
The electronics for the oil condition sensor resides completely on-board the sensor package. The smart sensor electronics includes an Application Specific Integrated Circuit (ASIC), a microprocessor, and an EEPROM, all of which function integrally to decode and store oil conductivity data obtained from the sensor. Oil condition data is accessible through the sensor output interface, which may be configured to conform to a variety of industry standards (SAE J1850 Class B, CAN Bus, PWM, etc.).
The smart sensor algorithm uses a pattern recognition technique to recognize the different stages of the oil conductivity trend.
The Change Oil Soon (COS) condition is triggered at the inflection point of the conductivity trend, when Stage 3 ends and Stage 4 begins (refer to Figure 1 ). Once engine oil has degraded to Stage 4 and the conductivity trend continues to decrease, the Change Oil Now (CON) condition is triggered.
The smart sensor can detect when an oil change has occurred by using oil level and conductivity data. Whenever an oil change is detected, the sensor algorithm automatically resets and begins a new oil condition monitoring sequence.
If engine oil is added during the course of operation, the average age of the oil decreases as new oil is added. Thus, addition of oil, and with it the addition of fresh additives, results in the extension of the oil life cycle. The sensor inherently compensates for the addition of new oil by delaying the inflection point between Stages 3 and 4 in the conductivity trend. 
OIL LEVEL MEASUREMENTS
The level sensing function is based on the difference between two impedance measurements, the impedance between the condition and common electrodes, and the impedance between the level and common electrodes. The impedance of the sensing elements is dependent on the geometry of the electrodes, such as surface area and electrode gap, as well as the dielectric constant and conductivity of the medium (air and oil). As oil condition, brand, grade, temperature, etc., change, variations in dielectric constant and oil conductivity occur, which are compensated for with the impedance between the condition and common electrodes. Figure 2 shows the oil level test results at 80 o C for five different oils.
EXPERIMENTAL RESULTS
We conducted numerous tests on vehicles and dynamometer engines with different types and grades of engine oils, including synthetic oils. The sensor trigger (inflection) point correlates well with specific chemical marker values for TAN, TBN, DSC, and viscosity, for the tests conducted to this point. However, varying chemical marker criteria requirements for particular OEMs will result in the need for additional tests to correlate the sensor output to particular OEM requirements. VEHICLE TEST DATA -Data from a gasoline vehicle test is shown in Figure 3 . As expected, the COS and CON triggers occurred at Stages 3 and 4, respectively. was increased by 45%, and DSC was less than 5 minutes, indicating the need for an oil change. The quantity and the time of oil additions are also indicated in Figure 3 .
CONTAMINATION TESTS - Figure 4 shows vehicle cold start test results. Cold start and short trip driving conditions can result in significant accumulation of water in engine oil. To simulate extreme water accumulation in the engine oil, a vehicle was placed in a cold chamber and soaked for 12 hours at -23×C. The engine was started and operated at low load and speed conditions but the oil temperature was not allowed to exceed 60×C. Then the engine was switched off and the cycle repeated multiple times. With the oil temperature not reaching 80×C in this test, the sensor output was taken at 35×C. Each diamond on the conductivity trend line in Figure 4 represents one complete cold start cycle. As shown in Figure 4 , the initial water content was approximately 0.1%. After 11 starts, the sensor signal went up and saturated at 5 volts. Analysis of an oil sample taken at this point indicated a water content of 0.3%.
After continuing the cold start sequence for 8 more starts without a change in the sensor output signal, the vehicle was driven over a longer distance, and the oil temperature was allowed to exceed 60×C. As can be seen in Figure 4 , both the sensor output and the water content went back to their original values because the higher oil temperatures purged the oil of water. We observed repeatable increases in sensor output with increasing water content in the oil. Another observation is that the amount of water in oil goes down to values around 0.1% to 0.14% after operating the engine at normal operating temperatures. A significant finding is that the sensor can detect water contamination at and above 0.3%. 
CONCLUSIONS
In this paper we describe the progress of development work done to date on the oil condition sensor. For the average motorist, tests have shown that the oil change interval can be extended beyond previously accepted limits. The oil condition sensor also protects against engine damage by warning the driver of sudden oil loss, accelerated oil deterioration, unintended use of low quality oils, and harmful water levels in the engine oil.
Our research results show that the oil condition sensor technology reliably determines when the useful life of engine oil ends. The sensor has proven to work with a number of brands and grades of oil during comprehensive road and dynamometer testing. Our oil condition sensor clearly provides the means for achieving improved engine operational efficiency, more effective maintenance schedules, and extended engine life, all of which result in lower operational costs. Additionally, the oil condition sensor can help to reduce the environmental cost of vehicle operation by extending the oil change interval. These savings can be realized for individual vehicle owners, as well as by vehicle fleet operators.
